Objective: To compare temporal aspects of peripheral neural responses and central auditory perception between groups of younger adult and elderly cochlear implant users. Study Design: Cohort study. Setting: Academic hospital and cochlear implant center. Patients: Adult cochlear implant users aged 28 to 57 years in the younger group (n = 5) and 61 to 89 years (n = 9) in the elderly group. All subjects used Advanced Bionics devices. Intervention: Diagnostic. Main Outcome Measures: Time constants of neural (i.e., electrically evoked compound action potentials [ECAPs]) and perceptual recovery from forward masking. Interstimulus intervals (ISIs) were varied in both experiments. Results: ECAP recovery rates were equivalent between groups, and no correlation was found between ECAP recovery and age. No correlations were found between ECAP recovery and speech perception. Psychophysical recovery was significantly slower in the elderly compared with the younger subjects ( p G 0.0005), with a significant effect of age (R 2 = 0.70, p G 0.0005). At the longest ISI (240 ms), elderly subjects experienced a mean maximum threshold shift of 35.2% (relative to 1 ms ISI) versus 14.8% for younger subjects. There was a significant positive relationship between psychophysical recovery and consonantnucleus-consonant word scores (R 2 = 0.62, p G 0.001), although no relationship was found with Hearing in Noise Test sentences. Conclusion: These findings suggest that difficulties observed in speech perception by elderly CI users may be due to age-related changes in the central rather than peripheral auditory system. With further study, these results may provide information to allow clinicians to assess patients' temporal processing abilities and facilitate setting program parameters that will maximize their auditory perceptual experience with a cochlear implant.
Since 2000, the population of adults over the age of 60 years in the United States has nearly doubled to 53 million people (1) . In this population, age-related hearing loss is the third most common medical condition. It occurs in nearly 43% of older adults between the ages of 60 and 69, in 66% of older adults between the ages of 70 and 79 and in greater than 89% of older adults over the age of 80 (2, 3) . The causes of hearing loss in older adults are associated with peripheral and central changes in the auditory system. Peripheral hearing deficits are associated with both physiologic and anatomic changes in the cochlea and auditory nerve. Animal models and human presbycusis studies have shown that as we age, there is a loss of spiral ganglion cells, inner, and outer hair cells as well as cellular changes to the stria vascularis, all of which contribute to the deterioration of the peripheral auditory system (4Y6).
The natural process of aging impacts the central auditory system as well. Studies have shown that central auditory processing is affected by age, with slower central processing in older individuals relative to younger listeners even in audiometrically normal older adults (7Y9). Specifically, older adults exhibit delayed and less synchronized central neural responses (P1-N1-P2) and longer refractory periods in response to auditory stimuli (8, 9) . Complexity of the stimuli also lengthens the N1 and P2 latency onset in older adults (10) . There is psychophysical evidence across a variety of stimuli and experimental conditions that show aging negatively impacts central auditory processing (11Y16). Magnetic resonance imaging studies of the brain have demonstrated that age influences how the brain reacts, processes, and integrates auditory information. Temporal auditory processing, a fundamental task important for speech perception, involves central mechanisms that rely heavily on lateralization. In these tasks, brain activity is focal and streamlined to specific cortical areas (17Y19). In elderly adults, there is less lateralization of brain activity during auditory perceptual tasks resulting in poorer speech perception performance compared with younger adults (20, 21) . Some have posited that structural and functional age-related changes in specific areas of the auditory cortex, such as Heschl's gyrus/superior temporal gyrus, reflect speech perception and word recognition in older adults (21, 22) .
When severe-to-profound hearing loss is present, patients can regain hearing perception via cochlear implantation (23Y25). However, speech perception performance with a cochlear implant has been found to be affected by age, with several studies showing that elderly patients perform more poorly compared with younger patients on open-set speech perception tests (23, 26, 27) . This finding holds even if older and younger subjects are matched for preimplant performance (26) . Thus, it is possible that the differences in performance may be due to central changes in the older adults that are not addressed by cochlear implantation.
The purpose of this study was to investigate auditory processing factors that may contribute to age-related differences in cochlear implant performance. Specifically, we evaluated temporal processing in the peripheral and central auditory system by measuring recovery of electrically evoked compound action potentials (ECAPs) and pulse train forward masking (PTFM), respectively. Although these mechanisms are part of the same pathway and not completely separate, studies suggest that ECAP recovery from single-pulse forward masking (SPFM) paradigms reflect the integrity of the peripheral auditory system (28Y33), whereas perceptual recovery from PTFM paradigms reflect auditory nerve responses in addition to central auditory processing, cognition, and attention (34) . By comparing auditory recovery from physiologic and psychophysical experiments, we aim to provide insight into the relative importance of peripheral and central processing for speech.
MATERIALS AND METHODS

Subjects
This study was approved by the institutional review board of our hospital and academic institution, and all study procedures were followed in accordance with the ethical standards on human experimentation and with the Helsinki Declaration. Subjects were 14 postlingually deafened adults with a minimum of 1-year experience with their cochlear implant, and none had a known history of demyelinating disease or other peripheral neuropathy (Table 1 ). All subjects had Advanced Bionics (Valencia, CA, USA) devices, 4 of whom were implanted with the CII device and 9 implanted with the HiRes 90k device. Subjects were classified as older (960 yr old, n = 9) and younger (G60 yr old, n = 5), which is the same age classification used previously by other investigators (7Y9). The older group had a mean age of 73.44 years (range, 61Y89), and the younger group had a mean age of 46.8 years (range, 28Y57 yr). The mean duration of deafness in the implanted ear in the older group was 13.75 years compared with 23.2 years in the younger group, but a wide range was noted in each group. One older subject did not have information regarding duration of deafness. No signifi cant difference was found between groups for duration of deafness in the implanted ear (t 11 = 1.03, p = 0.33), and there was no significant difference in length of implant use between both groups (t 12 = -1.04, p = 0.32). All subjects were tested on their better-performing ear if bilateral implants were present.
Experimental Design
There were two experiments conducted; a physiologic experiment measuring ECAPs to assess the peripheral auditory system, and a psychophysical experiment measuring behavioral responses to pulse train stimuli to assess the central auditory system.
Physiologic Experiment
Stimuli were delivered to the subjects using a computer, external speech processor and transmitter. A computer with an Intel Pentium 4 CPU with a 3.20 GHz processor and 512 MB of RAM generated the signals using Bionic Ear Data Collection System software version 1.16.191 provided by Advanced Bionics Corporation (Sylmar, CA, USA). Stimuli were delivered to a research-dedicated clinical Platinum Series Processor via a Clarion Programming Interface device, which then relayed the signal to a head coil that communicated with the implanted receiver/ stimulator. All ECAPs were evoked by monopolar stimulation on electrode 8. Physiologic recovery from single-pulse masker and probe stimuli were recorded using electrode 6.
The physiologic experiment used the SPFM paradigm. An initial masker pulse was used to stimulate the auditory nerve, followed by a probe stimulus to assess recovery of the nerve from refractoriness. The masker and the probe were single-pulse (35) . Each individual recovery function was curve-fitted with an exponential growth function in which the exponent value was derived. This value determined the recovery constant for the physiologic experiment, and the higher the value of the recovery constant, the faster the ECAP recovery.
Psychophysical Experiment
The psychophysical experiment used a PTFM similar to that used by Nelson and Donaldson (36) . Stimuli consisted of an initial pulse train masker followed by a probe pulse and were delivered using the same hardware and software setup as for the physiologic experiment. The masker was a train of biphasic pulses presented at 5,156 Hz for a duration of 300 ms, with a 21.6 Ks per phase duration. Masker MCL was obtained by presenting pulse trains in gradually ascending levels until the subject indicated that MCL had been reached. Threshold and MCL of the single 21.6 Ks per phase probe pulse were independently obtained using the average of 2 ascending trials for each ISI. During the experiment, the pulse train level was set to 75% of MCL in KA. The probe pulse was presented after the masker pulse train at ISIs of 1, 2, 3.5, 7, 15, 30, 60, 120, and 240 ms.
Thresholds for detection of the probe stimulus were determined using a 3-interval forced-choice (3IFC), 3-down-1-up paradigm to generate a threshold value of 79.4% on the psychometric function (37) . Specifically, stimuli were presented in 3 intervals, with only 1 interval containing both the masker and the probe pulse, and the other 2 intervals containing only the masker pulse. The order was randomized for any particular set of trials. After the 3 stimuli were presented, the subject was asked to identify which interval contained the probe pulse by responding to the question, ''Which one sounded different?'' If correct, the subject was presented another 3-interval trial with the same probe level; with 3 correct responses the probe stimulation level decreased, whereas any incorrect response resulted in a probe stimulation level increase. This series of increasing/ decreasing stimulus levels continued for 9 reversals, and the detection threshold was obtained by averaging the stimulus levels of the last 6 reversals. Threshold was obtained for each ISI 3 times, nonconsecutively and in randomized order, and the average of these 3 values determined the threshold for a given ISI. The final threshold used for data analysis was the mean of the 3 threshold measurements. Threshold also was measured for the probe pulse alone (i.e., unmasked). The final threshold used for data analysis was the mean of the 3 masked threshold measurements. The difference between the masked and unmasked probe thresholds determined the amount of FIG. 1. A, Recovery functions from single pulse forward masking for individual subjects. Two subjects, E1 and E5, were omitted because no ECAPs were able to be obtained. The amplitude of the ECAP increases as the interstimulus interval increases. B, Physiologic ECAPs were measured at 10 ISIs using a SPFM paradigm, amplitudes were normalized to 6.8 ms, and group means were used to plot a recovery function. There was no difference between group means (p = 0.33 È p = 0.91). C, Physiologic recovery was plotted as a function of age (R 2 = 0.006, p = 0.82). Two older subjects were omitted from the analysis because no physiologic ECAP recovery functions were obtained.
threshold shift, and recovery functions were generated by plotting threshold shift as a function of ISI. These results were normalized to the threshold shift at 1 ms ISI, and these individual recovery functions were curve-fitted with an exponential decay equation. The decay exponent characterized the recovery constant, and higher values indicated faster recovery from forward masking. (Fig. 1A) . Mean group recovery constants showed no statistically significant difference (t 10 = 0.2, p = 0.85), as younger CI users had a mean constant of 0.728 with a standard error (SE) of the mean of 0.121, and older CI users had a mean constant of 0.704, SE 0.058. ECAPs were not able to be obtained from 2 subjects (E1 and E5) because of stimulus artifact interference, and thus, they were excluded from physiologic data analysis. Recovery showed no statistically significant difference by age group (t 18 = -0.14, p = 0.89) at any ISI (Fig. 1B) . A correlation analysis of individual physiologic time constants failed to show any significant association with age across all subjects (R 2 = 0.006, p = 0.82) (Fig. 1C) .
RESULTS
Physiologic Results
ECAP recovery functions were obtained for 12 subjects; 5 younger and 7 older
Psychophysical Results
The pulse train forward masking paradigm was able to be tested on all 14 subjects. Measured recovery functions followed an exponential decay pattern, similar to that in previous reports. Individual data are shown in Figure 2A .
Group analyses were conducted to compare recovery rates for the older and younger CI groups. Younger CI users had a greater dynamic range during recovery as well as faster recovery rate compared with older CI users (t 12 = 4.9, p G 0.001) (Fig. 2B) . Although younger and older adults had similar threshold shifts at 1 and 2 ms ISIs, starting at 3.5 ms ISI, the threshold shifts in older subjects were significantly larger than their younger counterparts until 240 ms (t 12 = 2.3Y4.92, p G 0.05Y0.001). Although not reaching statistical significance, older subjects tended to remain shifted even at the longest ISI (240 ms), with a mean maximum threshold shift of 35.2% (relative to 1 ms ISI), whereas mean maximum threshold shift for younger subjects at the 240 ms ISI was 14.8% (t 12 = 2.02, p = 0.07). All 5 subjects in the younger group exhibited faster recovery   FIG. 2 . A, Recovery functions from pulse train forward masking for individual subjects. Threshold shifts were determined by subtracting the unmasked probe threshold from each masked threshold and then normalized to the value at 1 ms ISI. B, Recovery functions averaged for the younger group (closed symbols) and older group (open symbols). The younger subjects recovered faster and to a greater extent than older subjects, with significant differences from ISIs of 3.5 to 120 ms (p G 0.05Y0.001). Error bars = SEM. C, Correlation between psychophysical recovery constant and age. Higher recovery constants indicate faster psychophysical recovery. A highly negative correlation was found, indicating an effect of age on psychophysical recovery rate (R 2 = 0.70, p G 0.0005).
characteristics relative to older subjects, and the mean recovery constant was 0.019 (SE, 0.0002) in the young group compared with 0.008 (SE, 0.002) for older CI users. Correlation analysis of individual psychophysical recovery constants with age, across all subjects, showed a significant negative correlation (R 2 = 0.70, p G 0.0005) (Fig. 2C) . Psychophysical rate constants did not show a significant correlation with physiologic rate constants (R 2 = 9 Â 10 -6
, p = 0.99), indicating that the measures were not related (Fig. 3) . The 2 subjects who did not have analyzable ECAP responses (E1 and E5) both had faster psychophysical recovery than all but 1 subject (E2).
Effects of Duration of Deafness and Cochlear
Implant Use Duration of deafness was analyzed for potential effects on physiologic and psychophysical recovery. There was no correlation between duration of deafness and physiologic recovery (R 2 = 0.28, p = 0.09) (Fig. 4A ) or psychophysical recovery (R 2 = 0.12, p = 0.25) (Fig. 4B) . We also evaluated whether duration of CI use had an impact on recovery in the physiologic and psychophysical experiments and found no correlation between physiologic recovery and duration of CI use (R 2 = 0.003, p = 0.85). However, there was a negative correlation between psychophysical recovery constant and duration of CI use (R 2 = 0.44, p G 0.01).
Relationships With Speech Perception Speech perception scores were obtained from the subjects' most recent clinical visits including the consonantnucleus-consonant (CNC) word test, Hearing in Noise Test (HINT) sentences in quiet, and HINT sentences in noise (+8 dB SNR). There were no correlations between physiologic recovery constants and any of the speech perception scores (R 2 = 0.003Y0.03, p = 0.60Y0.86) (Fig. 5, AYC) . A significant correlation was found between psychophysical recovery and the CNC word score (R 2 = 0.62, p G 0.001) (Fig. 6A) . In this case, the higher the recovery constant (i.e., faster recovery), the higher the CNC score. There were no correlations between psychophysical recovery constants and HINT/Q (R 2 = 0.28, p = 0.053) or HINT/N (R 2 = 0.22, p = 0.09) scores (Fig. 6 , B and C).
DISCUSSION
The purpose of this study was to compare peripheral and central temporal auditory processing between younger and older cochlear implant users with the goal of identifying the potential mechanisms for poorer performance that has been observed in the elderly population. Results from the ECAP recordings showed no difference in auditory nerve recovery from electrical stimulation between older and younger CI users. In contrast, psychophysical detection thresholds showed greater threshold shifts and significantly slower recovery in older CI users. Correlation analyses showed no association between physiologic recovery and age or speech perception performance. Rate of psychophysical recovery was negatively correlated with age and positively correlated with speech perception performance. These findings indicate that the central auditory system is likely to be the primary contributor to 
FIG. 4.
Comparisons between duration of deafness and physiologic recovery (A) and psychophysical recovery (B). Duration of deafness for Subject E4 was unknown, and physiologic recovery constants were not able to be obtained from Subjects E1 and E5. All 3 were excluded from the analyses. No relationships with duration of deafness were found for physiologic (R 2 = 0.28, p = 0.09) or psychophysical (R 2 = 0.12, p = 0.25) recovery. 
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differences in speech perception performance between older and younger CI users.
Physiologic Recovery and Age
The results of the physiologic ECAP experiment were consistent with previous reports of auditory nerve recovery in that full recovery for all CI subjects occurred within 7 ms and followed an exponential trajectory (28Y33). In the present study, no age effects were observed using this single-pulse forward masking paradigm. No other factors contributing to slower recovery, such as myelin deficiency (38) and prelingual onset of deafness (39) , were present in any of our subjects. The results of this study indicate that advanced age in and of itself does not result in slower peripheral neural recovery.
Psychophysical Recovery and Age
Age-related changes in speech and language regions of the brain, such as Heschl's Gyrus, alter the way we process and discriminate sound, sometimes to the detriment of performance (20, 21) . Younger subjects showed consistent recovery patterns, whereas older subjects demonstrated more variability in recovery ( Fig. 2A) . This may reflect the variability in age-related factors that affect central processing mechanisms, subsequently altering the processing of auditory stimuli. Even with this variability, all subjects over age 60 had larger psychophysical constants than the subjects younger than 60. These findings support the hypothesis that psychophysical recovery characteristics from pulse train forward masking in cochlear implant users are affected by age.
No studies have specifically examined the link between age and recovery from electrical pulse train forward masking in cochlear implant patients; however, review of the literature suggests the presence of an association. Chatterjee (34) showed in a sample size of 6 subjects, 3 subjects who had abnormal recovery characteristics and would fall in the older group in this current study (i.e., age 960 yr). In a review of data by Nelson and Donaldson (36) , there was a trend for a relationship between age and recovery constant (R 2 = 0.17, p = 0.06); however, with removal of one outlier from the subject pool of 21, the correlation between age and recovery constant became significant (R 2 = 0.29, p G 0.005). Our results showed a significant inverse relationship between age and recovery in that older subjects recovered slower and to a lesser extent than younger listeners. These findings suggest that slower recovery is primarily due to changes in older adults' central auditory systems rather than peripheral mechanisms.
Psychophysical Versus Physiologic Recovery
Psychophysical results are reflective of both peripheral and central auditory processing (40) . Subjects who exhibit poor behavioral responses to auditory stimuli have the potential of experiencing both aberrant central processing and degraded input from the periphery. However, the results of this study showed that subjects were equivalent in terms of integrity of peripheral temporal processing while demonstrating significant differences in central temporal processing. In addition, only psychophysical recovery showed a significant correlation with word perception. Because temporal coding appeared intact and equivalent for the periphery, we conclude that differences in psychophysical recovery between groups are due primarily to changes of the central auditory system in our study population.
Rate of Recovery and Speech Perception
The results from our SPFM paradigm showed no correlation with word recognition or speech perception tests. These findings are inconsistent with studies that have found associations between faster neural recovery and better speech perception performance (28, 32, 41) . One potential explanation of this divergence is stimulation mode. Previous studies used bipolar stimulation to measure recovery from SPFM versus monopolar stimulation in this study (28, 32) . It is possible bipolar stimulation captures the neural response from a finer subset of neurons responsible for the temporal integration of speech stimuli. Another explanation may be related to statistical power. Nelson and Donaldson (32) obtained their results from 8 total subjects, whereas Brown et al. (28) looked at 11 subjects. Although this study evaluated 14 subjects, evaluation of a larger population may be needed to clarify the relationship between recovery from SPFM and speech measures. It also is likely that, although recovery from SPFM may be indicative of peripheral nerve integrity, the incongruity of results between previous studies and this study may indicate that central, rather than peripheral, processes are more correlated with speech perception.
Additionally, speech perception uses a vast network of neural circuits, thus using more ''central'' neural regions (10, 20, 21) . Changes in central neural pathways may manifest as recovery rate changes with the PTFM paradigm. Age may have affected the results of previous studies; however, this variable was not separately analyzed for those data sets.
Previous studies have reported conflicting results of the relationship between rate of central recovery and speech perception. Chatterjee (34) found that faster recovery resulted in poorer performance in a CUNY sentence test, whereas Nelson and Donaldson (36) found that faster recovery resulted in better performance. Our results are consistent with those of Nelson and Donaldson. One plausible explanation for the discrepancy is postulated in Chatterjee's article. Their sample size of 6 patients may not have allowed for definitive conclusions about the association between recovery rate and speech performance, whereas Nelson and Donaldson's study included a larger number of subjects (n = 21). Nelson and Donaldson also noted that the strongest correlation between recovery and speech perception was at the basal region of the cochlea, noting weaker correlations elsewhere, particularly in the apical regions. Faster recovery in the middle and basal locations may correlate with better speech perception because these regions have been postulated to be where consonant envelope cues are transmitted, whereas prolonged (i.e., poorer) recovery in apical regions of the cochlea code for vowel formants and may have less of an impact on speech perception (36) . The study by Chatterjee (34) suggests that electrode location does not affect recovery curves, but this was tested in only 3 subjects, and they did not use the same electrodes across all subjects. Ultimately, prolonged recovery from PTFM may not be by itself entirely predictive of speech performance, but in a small subset of patients it may be indicative of widespread deficiencies in auditory processing, such as those with poor spatial resolution, thus limiting speech perception (36, 42) .
We found a strong correlation between pulse train forward masking and CNC word scores, whereas the HINT sentence scores in quiet and in noise were not significant. Individual word recognition relies on fine temporal processing of the auditory stimulus, and components of this mechanism are likely interrogated by the PTFM paradigm. Although the recognition of individual words in HINT testing also are interrogated by this experiment, higher cortical processes in language association regions can interpret and ''fill in'' missing words based on contextual cues. The relatively high average HINT in quiet and noise scores are indicative of an overall ceiling effect across subjects for these tests.
CONCLUSION
Elderly cochlear implant patients demonstrated significantly slower psychophysical recovery, with a significant effect of age. There also were significant positive relationships between psychophysical recovery and speech perception scores. ECAP recovery showed no effect of age and no correlations with speech perception. These findings suggest that difficulties observed in auditory perception by elderly CI users may be due to age-related changes in the central rather than peripheral auditory system. With further study, these results may provide information to allow clinicians to assess patients' temporal processing abilities and facilitate setting program parameters that will maximize their auditory perceptual experience with a cochlear implant.
